Abstract: Ethanol production from NaOH-Pretreated solid state fermented sweet sorghum bagasse with an engineered strain of Z. mobilis TSH-ZM-01 was optimized. Results showed that: (1) residual solid removal during ethanol fermentation was unnecessary and 24 h fermentation duration was optimal for ethanol production; (2) ethanol yield of 179.20 g/kg of solid state fermented sweet sorghum bagasse achieved under the optimized process conditions of cellulase loading of 0.04 g/g-glucan, xylanase loading of 0.01 g/g-xylan, liquid to solid ratio of 9:1 and pre-hydrolysis duration for 72 h.
Results and Discussion

Determination of the Optimum Fermentation Duration
In order to investigate the influence of residual solids on the performance of ethanol production by Z. mobilis, fermentation using the whole slurry or only the supernatant was compared. From Figure 1 , similar concentrations of glucose and xylose remained in both the hydrolyzed slurry and the supernatant after 48 h of fermentation. Ethanol yield slightly decrease from 155.56 g/kg to 151.01 g/kg when using the supernatant compared to the slurry. Removal of residual solids prior to the fermentation appeared to have no or very little effect on improving the ethanol production.
Also from Figure 1 , ethanol accumulated rapidly during the first 24 h of fermentation with ethanol yield at 157.68 g/kg and 155.37 g/kg for the hydrolyzed slurry and the supernatant respectively. Ethanol yield plateaued after 24 h of fermentation in both samples. These results indicated that the maximum ethanol production had already been reached by this time. In addition, glucose was depleted in both samples after 12 h of fermentation. Xylose concentration in both samples was reduced gradually from about 25 g/L to a stable 5 g/L from 12 h to 24 h. These results suggested that most of the available fermentable sugars for fermentation from the hydrolysis step had already been utilized by Z. Mobilis TSH-ZM-01 strains after 24 h. Therefore, the optimum time for maximum ethanol production and minimum fermentation appeared to be 24 h and was used for all subsequent experiments. 
Box-Behnken Designs for Optimization of SSCF of SS
Once the optimal fermentation time was determined, a Box-Behnken design was utilized to test four different independent variables in the fermentation process. Twenty-nine conditions in triplicates were set up and shown in Table 1 . The resulting ethanol yield for each experimental trial was listed along with the predicted values. The predicted values were calculated from the following polynomial equation. The equation was obtained using multiple regression analysis and was employed to explain the role of each variable and their second order interactions in ethanol yield. The equation for the model as a function of the coded factors was given in the Equation (1): An ANOVA study for the quadratic model was used to evaluate the impact and significance of terms such as linear terms, squared terms and interactions in the regression equation, and results are shown in Table 2 . A smaller magnitude p-value indicates greater significance for the corresponding coefficient. In this study, p-values less than 0.05 indicated that the corresponding coefficient terms were significant. The results from Table 2 showed that the model was highly significant, as evident from the probability p-value (<0.0001). The lack of fit was observed to be insignificant (p-lack of fit = 0.7741), indicating the model was adequate to fit the experimental data. The high value of the coefficient of determination (R A positive sign for the coefficient indicated that the tested variables had a synergistic effect on the ethanol yield while a negative coefficient indicated an antagonistic effect [16] . Statistical analysis showed that cellulase loading (p < 0.0001), xylanase loading (p = 0.0104) and PD (p = 0.0003) had a significant positive linear effect (p < 0.05) on ethanol yield while cellulase loading (p < 0.0001) and PD (p = 0.0176) had a significant negative quadratic effect (p < 0.05). These results indicated that ethanol yield increased with the increase of cellulase loading, xylananse loading and PD, however, yield decreased when the cellulase loading and PD were raised above a certain level. Moreover, the most effective factor was cellulase loading (F = 354.71), then by prehydrolysis duration (F = 22.45) and followed by xylananse loading (F = 8.75). The positive linear effect of LSR, the negative quadratic effect of xylananse loading and LSR were insignificant at the 5% level. The interaction between each two variables was observed to be insignificant at the 5% level. After removing the insignificant factors, the improved second order polynomial regression model was described in Equation (2): (2) The coefficient estimates and p-values of the simplified model were also presented in Table 2 .
Effect of Cellulase and Xylanase Loading, Pre-Hydrolysis Duration and Liquid to Solid Ratio on Ethanol Yield
The effects of processing variables on ethanol yield were analyzed using contour plots. Figure 2 showed the effects of two independent variables on the response while the other two variables were held constant at the middle range. From Figure 2A -C, ethanol yield increased with the increase of cellulase loading until it was raised above 0.04 FPU/g-glucan. The increase of cellulase loading may enhance the release of glucose, which would promote bacterium growth and ethanol production. On the other hand, Z. mobilis TSH-ZM-01 did not have specialized xylose transporters but depended on hexose transporters to transport xylose [15] . Therefore, xylose consumption does not start until glucose is nearly depleted. Further increase in cellulase loading beyond 0.04 FPU/g-glucan may lead to rapid accumulation of glucose in the hydrolyzed slurry and consequently repressed the xylose metabolism within the 24 h of fermentation, which could cause the underutilization of total fermentable sugars (glucose plus xylose) by Z. mobilis TSH-ZM-01 strain and lead to the reduction of the final ethanol yield. Figure 2E ,F depicts the effect of PD on the ethanol yield. From Figure 2F , the ethanol yield increased with the increase of the PD from 24 h to 64 h when the LSR was held at a constant level (1:7). When the PD was raised above 64 h, the ethanol yield decreased. Similar trend was observed in Figure 2E when the xylanase loading was held at a constant level (0.03 g/g-xylan). The results from Figure 2E ,F were consistent with experiments which pre-hydrolysis duration had a positive linear effect and a significant negative quadratic effect on the ethanol yield. Although an increase in PD could promote release of hexose and pentose, high monosaccharide concentration could lead to product inhibition by glucose of the cellulases [17] . Moreover, monosaccharide accumulation could lead to the inhibition of microbial growth and slowed down the metabolism [18] . At the same time, slow heat dispersion along with too rapid saccharification may have resulted in heat accumulation and temperature elevation [19] , which consequently could decrease enzyme activities and cell viability. Therefore, further extension of pre-hydrolysis duration would hamper ethanol production. Hence, determining the optimum PD is essential for SSCF. The effect of xylanase loading on the ethanol yield was shown as contour plot in Figure 2D ,E. Figure 2D showed that the ethanol yield continuously increased with the increase of the xylanase loading when LSR ranged from 5:1 to 9:1. Similar trend was observed in Figure 2E with PD from 24 h to 72 h. Increased xylananse loading would enhance release of xylose making the sugar available for Z. mobilis TSH-ZM-01 fermentation. However, further increase in addition of xylananse had only a slight effect on ethanol yield. This could be attributed to that the metabolism of xylose by Z. mobilis TSH-01 was hysteresis [15] , which resulted in only partial xylose utilization in the hydrolyzed slurry by Z. mobilis TSH-ZM-01 strain during the 24 h SSCF.
The result that LSR had insignificant effect on ethanol yield differ drastically from what would have been expected, as LSR was often considered to be one of the most important parameters affecting saccharification and fermentation [20] [21] [22] . Reasons from these results still need to be further investigated.
Validation of the Model
The model predicted a maximum ethanol yield of 170.46 g/kg of SS under the optimum parameters of cellulase loading at 0.03 g/g-glucan (6.42 FPU/g-glucan), xylanase loading at 0.06 g/g-xylan (1059.48 U/g-xylan), PD for 65 h and LSR of 7:1. In order to validate the optimized parameters and the predicted ethanol yield, triplicate fermentations were performed. As shown in Figure 3 , the hydrolyzed slurry contained 42.45 g/L glucose and 26.13 g/L xylose after 65 h. Shortly after adding the seed culture of the Z. mobilis TSH-ZM-01 cells, concentration of both glucose and xylose in the fermentation broth dropped rapidly, while the ethanol yield increased rapidly (Figure 3) . The maximum ethanol yield of 182.29 g/kg of SS was achieved at 30 h SSCF. On the other hand, the increased ethanol yield almost remains unchanged after 24 h SSCF. This result was in accordance with the comparison fermentation experiment in which 24 h was the optimum fermentation duration (Figure 1 ). Under the optimum SSCF condition, 179.20 g/kg of SS ethanol yield was achieved, which were equivalent of an ethanol concentration of 39.04 g/L and an ethanol theoretical yield of 69.85% respectively. These results agreed with previously published data. Wang et al. [21] reported an ethanol concentration of 39 g/L on H 2 SO 4 pretreated sweet sorghum bagasse with an enzyme loading of 29 FPU/g-glucan and initial bagasse solid concentration of 10%. Chen et al. [23] reported an ethanol yield 210 g/kg of raw material from ammonia hydroxide pretreated sweet sorghum bagasse with addition of 60 FPU/g of glucan supplemented with 64 CBU/g of glucan β-glucosidase. Shen et al. [24] obtained ethanol concentration of 23.2 g/L after fermentation of steam explosion pretreated sweet sorghum bagasse supplemented with cellulase at 7.5 FPU/g dry material of cellulase and β-glucosidase at 64 CBU/g dry material. Leonidas and Paul reached an ethanol theoretical yield of 70.4% with sweet sorghum bagasse with cellulase loading of 10 FPU/g dry material in the saccharification step and extra loading of 10 FPU/g dry material at start-up of simultaneous saccharification and fermentation [22] . Our results in this study were similar to the studies mentioned above but achieved with lower enzyme consumption and higher LSR. Therefore, the optimized process in this study would significantly reduce the capital cost during SSCF process, and improve the commercial potential of cellulosic ethanol production. 
Experimental Section
Solid State Fermented Sweet Sorghum Bagasse (SS)
Sweet sorghum "Chuntian 2#" was harvested in Hebei Province, China. Leaves and husks were stripped by hand. The stem was crushed into particles of 1-2 mm in diameter, and 3-20 mm in length by a pulverizer. The solid-state ethanol fermentation of sweet sorghum stem was conducted according to Li et al. [5] . The solid state fermented sweet sorghum bagasse (SS), the solid residue left after solid-state ethanol fermentation, was saved after the fermentation of soluble carbohydrates. The SS were stored in a sealed plastic bag at −20 °C to prevent any possible degradation or spoilage.
NaOH Pretreatment
NaOH pretreatment was performed according to Yu et al. [25] . After sodium hydroxide pretreatment, the whole slurry was collected and solid-liquid separation was performed by centrifuge. The separated solids were washed with deionized water until pH reached 7.0. The washed solids (called substrate) were used for ethanol production. The composition of substrate was determined by the NREL method [26, 27] . The composition of substrate (w/w) was determined as: 54.80% ± 0.53% glucan, 30.15% ± 0.47% xylan and 9.92% ± 0.67% lignin.
Microbes and Media
An engineered strain Z. mobilis TSH-ZM-01 recombined by Tsinghua University [15] was used for SSCF. The ethanol-producing bacterium Z. mobilis was metabolically engineered to tetracycline resistance and broaden its range of fermentable substrates to include the pentose sugar xylose. The microbe was stored in rich medium agar slants containing glucose 20 g/L, yeast extract 10 g/L, KH 2 PO 4 2 g/L, and agar 15 g/L with a pH of 6.0 and in liquid medium of the same composition (without agar) by periodic transfers. For long-term storage, stock cultures were maintained in 20% glycerol at −80 °C. The microbe was sub-cultured before each experiment in order to maintain its viability.
Fermentation Experiment
Autoclaved substrate (10 g) was added to a 250 mL flask and diluted with sodium acetate buffer (50 mM) to reach the LSR of 7:1. The substrate was pre-hydrolyzed with cellulase loading of 0.02 g/g-glucan, xylanase loading of 0.03 g/g-xylan at pH 4.8, 50 °C and 150 rpm for 48 h. The experimental parameters were employed according to previous experiment. For the comparison fermentation experiment, partial hydrolyzed slurry was centrifuged to remove the solid residues, and the supernatant was collected. Before ethanol fermentation, the pH and temperature were adjusted to 6.0 and 32 °C, respectively. The comparison fermentation between the whole slurry and its supernatant was carried out with the same strain (Z. mobilis TSH-01) for 48 h. The initial Z. mobilis TSH-01 seed culture of 10% (v/v) was cultured with autoclaved 10X yeast peptone media, containing 10 g of yeast extract, and 100 g of peptone per liter of distilled water, as nutrients. Experiments were performed in triplicate.
Simultaneous Saccharification and Co-Fermentation (SSCF)
SSCF was performed according to Jin et al. with minor modifications [10] . Autoclaved substrate (10 g) was added to the 250 mL flask and diluted with sodium acetate buffer (50 mM) to reach the indicated liquid-solid ratio. Prior to SSCF, the substrate was pre-hydrolyzed with indicated concentration of enzymes at pH 4.8, 50 °C and 150 rpm for the indicated time. After pre-hydrolysis, the pH and temperature was adjusted to 6.0 and 32 °C, respectively. 10% (v/v) of autoclaved 10× yeast peptone media, containing 10 g of yeast extract, 100 g of peptone per liter of distilled water, was added to the flask containing enzymatic slurry as nutrients, and then the hydrolyzed slurry was inoculated with 10% (v/v) of Z. mobilis TSH-01 seed culture. Samples were taken at the indicated time, and centrifuged at 15,000 rpm, 4 °C for 10 min. The supernatant was collected for the sugar and ethanol analysis. Experiments were carried in triplicate.
Analytical Methods
Enzyme Assay
Both Cellulase (CTec-3) and xylanase (HTec-3) were kindly provided by Novozyme Co. Ltd., Tianjin, China. Celluclase activity was 213.87 FPU/g determined by NREL method [28] . Xylanase activity was 17658 U/g determined according to the State Standard of the People's Republic of China (GB/T 23874-2009).
Monomeric Sugars and Ethanol
The monomeric sugars, including glucose and xylose were measured with a HPLC (Shimadzu LC-20AD, Tokyo, Japan) integrated with a refractive index detector and a Bio-Rad HPX-87H (250 mm × 4.6 mm) column. Ethanol was analyzed on a gas chromatograph (SHIMADZU GC-14C) with a flame ionization detector. Ethanol yield was determined using Equation (3): (3) C ethanol represents the ethanol concentration in the liquor fractions after fermentation (g/L); V Final represents the final volume of fermentation broth (L); M substrate represents the mass of substrate (g); and 0.542 represents the solid recovery coefficient after NaOH pretreatment.
Experimental Design and Statistical Analysis
Box-Behnken designs (BBD) are a class of rotatable or nearly rotatable second-order designs based on three-level incomplete factorial design. It has the advantage of avoiding experiments performed under undesirable extreme conditions [29] . In this study, a Box-Behnken design with 24 factorial experiments and five center point experiments was used to determine the optimum condition during SSCF of NaOH pretreated SS. The cellulase loading (0-0.04 g/g-glucan), xylanase loading (0.01-0.06 g/g-xylan), LSR (5:1-9:1) and PD (24-72 h) were independent variables studied for optimization of the ethanol yield. The design was represented by a second-order polynomial regression model to generate contour plots: (4) Y is the response of ethanol yield; x i is process factors; β 0 is the offset coefficient; β i is linear coefficients; β ii is quadratic coefficients; β ij is interaction coefficients and ε is the residual associated to the experiments. The relationship between the actual value of process factor and the coded forms of the input variable is described as Equation (4): (5) where z j is the coded value of the input variable; x i is its real value; x 0 is its real value at the central point; and ∆ j is the step change in the variable x i . The regression analysis of experimental data was performed in Design-Expert software version 8.0.2 (Stat-Ease Inc., Minneapolis, MN, USA) to determine the coefficients of the regression equation and estimate the response surface.
Conclusions
24 h fermentation duration without residual solid removal was optimum for the ethanol production. Ethanol yield of 179.20 g/kg of alkali pretreated SS was achieved under the optimum conditions: Cellulase loading of 0.03 g/g-glucan, xylananse loading of 0.06 g/g-xylan, LSR of 7:1 and PD for 65 h. Ethanol yield achieved in this study were similar to the studies in recent articles but with lower enzyme consumption and higher LSR [21] [22] [23] [24] . Further work still need to be done to quantitatively understanding reduced fermentation performance in NaOH treated SS hydrolysate using Z. mobilis TSH-ZM-01 and scale up the SSCF process with optimization of operating parameters for industrial application.
